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METHOD AND SYSTEM FOR
TEMPERATURE ESTIMATION OF GAS
TURBINE COMBUSTION CANS

BACKGROUND OF INVENTION

The present disclosure relates generally to industrial
power plant machinery and, more particularly, to a method
and system for temperature estimation of gas turbine com-
bustion cans.

Gas turbines generally include a compressor and turbine
arranged on a rotating shaft(s), and a combustion section
between the compressor and turbine. The combustion sec-
fion burns a mixture of compressed air and liquid and/or
gaseous fuel to generate a high-energy combustion gas
stream that drives the rotating turbine. The turbine rotation-
ally drives the compressor and provides output power.
Industrial gas turbines are often used to provide output
power to drive an electrical generator or motor. Other types
of gas turbines may be used as aircraft engines, on-site and
supplemental power generators, and for other applications.

Certain gas turbines include several tangentially located
combustor cans that burn fuel 1n high-pressure compressed
air to 1sobarically raise the temperature of the resulting
gaseous mixture. The resulting hot gas 1s fed to a multi-stage
turbine (known to those skilled in the art as a combination
of nozzles and buckets, or stators and rotors in each stage),
where the gas performs the work for generating electricity,
for example. It 1s desirable to mamtain uniform combustion
temperature, and thus, uniform firing temperature for each
combustor can. However, variations between individual
combustor cans may lead to differences 1n the firing tem-
perature from ecach can. Such can-to-can variations
adversely affect operability and efficiency of the gas turbine.
Because of the extreme high-pressure, high-temperature
environment 1n combustor cans, a direct measurement of the
gas temperature 1s not available, and 1s therefore indirectly
estimated through available measured parameters.

One way of obtaining an estimate of the degree of
can-to-can variations 1s to measure exhaust temperature by
using a multitude of tangentially placed thermocouples in
the exhaust diffuser, and thereafter monitoring the spread
(i.e., the difference between the maximum and minimum
temperatures measured by the thermocouples). However,
this method 1s only capable of identifying relatively large
can-to-can variations as a result of, for example, a flame
blowout 1n a particular can, and 1s not sufficient to identify
individual hot or cold cans since 1t does not take mto
consideration the rotational swirl and mixing effects of the
oas as 1t passes from the combustion cans through the nozzle
and bucket stages of the turbine.

On the other hand, swirl maps have also been used to
estimate the total rotation (i.e., the swirl of the gas from the
cans to the exhaust) and thus map hot spots and cold spots
in the exhaust gas, as identified by the exhaust thermocouple
measurements to the individual cans. Unfortunately, since
the rotation of the gas 1s not necessarily the same from can
to can, as well as from load condition to load condition, the
visual interpretation of a swirl map in estimating the gas
temperature of i1ndividual combustion cans 1s a difficult
proposition. This 1s especially the case for a turbine having
a large number of combustion cans.

SUMMARY OF INVENTION

The above discussed and other drawbacks and deficien-
cies of the prior art are overcome or alleviated by a method
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2

for estimating a temperature profile for individual combus-
fion cans at an inlet of a gas turbine. In an exemplary
embodiment, the method includes determining an exhaust
temperature profile of exhaust gas of the gas turbine at a
fixed load condition, and inputting the exhaust temperature
proille into a model-based estimator that uses a model of
turbine components through which turbine gas flows. The
model-based estimator calculates an estimated inlet tem-

perature proiile at the gas turbine inlet, based upon the
exhaust temperature profile and design parameters of the gas
turbine, the estimated inlet temperature proiile being 1indica-
tive of the actual firing temperature of each of the individual

combustion cans.

In another aspect, a method for estimating a temperature
proille for individual combustion cans at an inlet of a gas
turbine 1ncludes obtaining exhaust temperature data from
exhaust of the gas turbine and normalizing the exhaust
temperature data to a reference load condition to obtain a
normalized exhaust temperature profile. The normalized
exhaust temperature profile 1s then imputted into a model-
based estimator of turbine components through which tur-
bine gas flows. The model-based estimator calculates an
estimated 1nlet temperature profile at the gas turbine inlet,
based upon the normalized exhaust temperature profile and
design parameters of the gas turbine, the estimate inlet
temperature profile being indicative of the actual firing
temperature of each of the individual combustion cans.

In still another aspect, a system for estimating a tempera-
ture profile for individual combustion cans disposed at an
inlet of a gas turbine includes a plurality of exhaust tem-
perature sensing devices disposed proximate exhaust gas of
the gas turbine. A normalization mechanism receives
exhaust temperature data from the plurality of exhaust
temperature sensing devices, the normalization mechanism
producing a normalized exhaust temperature profile with
respect to a reference load condition. A model-based esti-
mator of turbine components, through which turbine gas
flows, receives the normalized exhaust temperature profile
and calculates an estimated inlet temperature profile at the
gas turbine inlet, based upon the normalized exhaust tem-
perature proflle and design parameters of the gas turbine.
The estimate inlet temperature profile 1s mndicative of the
actual firlng temperature of each of the individual combus-
fion cans.

BRIEF DESCRIPTION OF DRAWINGS

Referring to the exemplary drawings wherein like ele-
ments are numbered alike 1n the several Figures:

FIG. 1 1s a schematic block diagram of a temperature
estimation system for estimating combustion temperature
for individual combustor cans of a gas turbine, 1n accordance
with an embodiment of the invention;

FIG. 2 1s a schematic diagram that models the flow pattern
of the turbine gas as it travels through a nozzle section and
then a bucket section of any of the turbine stages;

FIG. 3 1s another schematic diagram that models the flow
pattern of the gas as it travels through a bucket section;

FIG. 4 1s a schematic diagram that models the flow pattern
of the gas as it travels through the exhaust diffuser section
of the turbine;

FIG. § 15 a table summarizing the simulation results of a
developed, physics-based model using actual design param-
cters of a General Electric 6FA machine, 1n comparison to

measured variations during a slow unload of a General
Electric 6FA machine;

FIGS. 6(a) and 6(b) are graphs that compare, at base load,
estimated and actual turbine exhaust data and estimated and
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actual turbine inlet temperature, when one of the combustor
cans 1s running hotter with respect to the other cans;

FIGS. 7(a) and 7(b) are graphs that compare, at part load,
estimated and actual turbine exhaust data and estimated and

actual turbine inlet temperature, when one of the combustor
cans 1s running hotter with respect to the other cans;

FIGS. 8(a) and 8(b) are graphs of measured exhaust
temperature at base-load condition and corresponding esti-
mated inlet temperature in the snapshot estimation mode,
respectively, with a positive bias on one of the exhaust
temperature thermocouples;

FIG. 9 1s a graph 1illustrating a comparison between
exhaust temperature snapshot data at base-load and the
normalized, filtered data corresponding to the same base-
load conditions resulting from a normalization step applied
to the exhaust temperature obtained during a slow unload
from base-load to part-load conditions; and

FIGS. 10(a) and 10(b) are graphs of the normalized,
filtered exhaust temperature at base-load and corresponding
estimated inlet temperature, respectively, obtained during
the slow unload estimation mode, in which the positive bias
of the thermocouple 1s compensated by normalization.

DETAILED DESCRIPTION

Disclosed herein 1s a method and system for implement-
ing a model-based estimation of combustion temperature for
imndividual combustor cans located at the 1nlet, as well as the
corresponding temperature proiile along the length of a gas
turbine machine. Briefly stated, the turbine inlet temperature
1s estimated from exhaust temperature measurements taken
from a plurality of exhaust thermocouples located along
various angular positions about a longitudinal axis of the
turbine. In a first mode (referred to hereinafter as a “snap-
shot” estimation mode), the exhaust temperature profile
obtained at a fixed load condition 1s used 1n a model-based
estimator to estimate the turbine inlet temperature profile
from the individual combustor cans. The model-based esti-
mator 1ncorporates a steady-state physics-based model that
describes the variation of pressure, temperature and velocity
of the gaseous mixture from the turbine inlet to the exhaust,
using fundamental physical balances.

The physics-based model systematically captures the
effect of mixing and swirl and their variation with load
conditions, and thus provides a relationship between the
inputs (i.e., the unknown inlet temperature profile from the
combustion cans and the measured compressor discharge
pressure and temperature) and the outputs (i.e., the measured
exhaust temperature profile). The model-based estimator
then essentially performs an “imnversion” to calculate the
unknown turbine inlet temperature profile from the combus-
fion cans from the measurements of exhaust temperature and
compressor discharge pressure and temperature.

In a second mode (referred to hereinafter as a “slow
unload” estimation mode), the turbine operation 1s varied in
a slowly controlled manner over a sufficiently wide load
range, €.g., from base-load to part-load. The variation 1n load
results 1n a variation 1n swirl, which 1 turn corresponds to
a rotation 1n the exhaust temperature profile. This allows for
the measurement of the exhaust temperature profile at dif-
ferent tangential locations using the same finite number of
thermocouples at fixed tangential locations. The sequence of
exhaust temperature measurements over the varying load
range 1s then normalized (i.e., corrected for variations in
swirl and average exhaust temperature) to obtain a more
detailed measurement of the exhaust temperature profile
than possible by using the finite set of thermocouples at a
fixed load (as done in the snapshot mode).
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4

Moreover, the slow unload range (and thus the corre-
sponding swirl variation) can be selected to be large enough
such that it covers the gap between neighboring exhaust
thermocouples, thereby allowing cross-comparison of mea-
surements from neighboring thermocouples for the same
hot/cold spots 1n the exhaust profile, and i1dentifying any
thermocouple-to-thermocouple measurement bias. The nor-
malized exhaust data 1s filtered to obtain a mean exhaust

temperature profile that 1s less susceptible to i1ndividual
thermocouple measurement bias. This detailed and more
accurate normalized exhaust temperature proiile 1s used 1n
the same model-based estimator to obtain a more robust
estimate of the turbine inlet temperature profile from the
combustion cans, which 1s more accurate and less suscep-
tible to exhaust thermocouple measurement biases than the
snapshot estimation mode at a fixed load condition.

Referring initially to FIG. 1, there 1s shown a schematic
block diagram of a temperature estimation system 10 for
estimating combustion temperature for individual combus-
tor cans 12 of a gas turbine 14, in accordance with an
embodiment of the invention. As 1s shown schematically in
FIG. 1, the turbine 14 includes three turbine stages 16, each
comprised of a nozzle (or stator) section “N” and a bucket
(or rotor) section “B”. However, those skilled in the art will
appreciate that the turbine configuration shown in FIG. 1 1s
exemplary 1n nature, and that the estimation system 10 1is
applicable to other configurations having a different number
of turbine stages. It should also be noted that the block
schematically depicting the turbine 14 does not show the
upstream compressor portion thereof the turbine.

As stated previously, 1t 1s desired to have an accurate
combustion temperature profile of the combustor cans 12,
since 1t 1s not feasible to implement direct thermocouple
measurements thereof. In an exemplary embodiment utiliz-
ing a General Electric 6FA gas turbine, there are six com-
bustor cans 12 disposed 1n a circumierential manner about a
longitudinal axis (z-axis) of the turbine 14. Thus, a polar
coordinate axis (or 0-axis), tangential to the z-axis, is helpful
in describing the temperature profile of the combustor cans
12, positioned about 60 degrees apart from one another
along the 0-axis. It will be appreciated, however, that the
disclosed estimation embodiments are not solely restricted
to a 6FA machine, and are equally applicable to gas turbines
with more or less combustion cans using the design param-
eters for the specific turbine 1n the model.

The compressed intake gas, once 1gnited, 1s passed
through the three bucket/nozzle turbine stages 16, thereby
providing rotational output power. Once the gas passes
through the third stage, 1t 1s still at a relatively high tem-
perature and velocity and 1s thus passed through an exhaust
diffuser 18 to reduce the gas velocity, after which the gas
may be reclaimed for other useful work. Within the exhaust
diffuser 18, there are located a number of temperature
thermocouples 20 that directly measure the temperature of
the exhaust gas. For ease of illustration, only two thermo-
couples 20 are shown 1n FIG. 1. Preferably, however, there
will be at least twice the number of thermocouples 20 as
there are combustor cans 12. In an exemplary embodiment
(as well as in the simulations discussed later for the General
Electric 6FA turbine), there are 21 thermocouples 20 uni-
formly and tangentially disposed about the z-axis of the
turbine at a fixed radial 1nsertion depth. Thus, each thermo-
couple 1s spaced about 17.14 degrees apart from one another
along the 0-axis.

Based upon the reading of the individual thermocouples
20, an exhaust temperature profile 22 may be determined, as
exemplified by the polar coordinate graph. The temperature
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detected by each thermocouple 20 1s used to generate a
representation of the exhaust temperature gas with respect to
angular position about the z-axis. As can be scen, the
temperature of the gas can vary, depending upon its angular
position. Such a variance 1s indicative of a variance in the
firing temperatures of the combustor cans, but as stated
previously, with an increasing number of combustor cans it
1s difficult to relate this information back to the combustor

can temperatures through conventional means.

In the snapshot estimation mode, the exhaust temperature
proiile 22 as measured by the exhaust thermocouples 20 at
a fixed load condition are used directly in the model-based
estimator 28 to calculate the unknown inlet temperature
profile from the combustion cans, as shown 1n block 30 and
the polar plot 1n 32 for the 6FA turbine example with 6 cans.
The estimated can temperatures are then compared to 1den-
tify relatively hot or cold cans as further shown 1n plot 32.
The model-based estimator 28 incorporates a nonlinear,
stcady state model that relates the unknown turbine inlet
temperature profile from the cans 12 (and other measured
inputs like compressor discharge pressure and temperature)
to the measured exhaust temperature profile 22.

The model 1s based upon fundamental physical balances
over each nozzle and bucket sequence in the three turbine
stages 16 and the exhaust diffuser 18. A linear approximation
of the nonlinear model 1s obtained at specified fixed load
operating conditions and 1s then used 1n an 1nversion
approach to estimate the turbine inlet profile from the
combustion cans 12, with the peaks thereof corresponding to
the firing temperatures (Tg,.) for each can and the troughs
corresponding to the locations between adjacent cans. These
peaks and troughs are also shown 1n polar plot 32.

In another embodiment, and in contrast to the snapshot
estimation mode described above, the turbine operation 1n
the slow unload estimation mode 1s varied over a slowly
varying load range, collecting the sequence of exhaust
temperature measurements over the load range. This 1s also
illustrated 1n FIG. 1. Prior to being inputted mto the model-
based estimator 28, the exhaust temperature profile sequence
1s first normalized at block 24 to obtain a detailed and more
accurate temperature proiile at a desired reference load
condition, by correcting for the change in swirl and average

exhaust temperature with respect to the reference load
condition.

A normalized exhaust temperature profile 26 1s then used
as 1nput to the same model-based estimator 28 to calculate
the turbine inlet temperature profile 30 from the combustion
cans, thereby 1dentifying the hot and cold cans as shown 1n
plot 32. Because the normalized exhaust temperature profiile
26 1s more detailed and less susceptible to individual exhaust
thermocouple measurement bias, the slow unload estimation
mode provides a more accurate and robust estimate of the
turbine inlet temperature profile 30, using more data col-
lected over a varying load range and increased computation
for the extra normalization step. The normalization process
1s discussed 1n greater detail hereinafter.

In applying the model-based estimator 28 to the exhaust
temperature measurements directly 1n the snapshot mode or
the normalized exhaust temperature profile obtained 1n the
slow unload mode, a set of modeling equations (derived
from fundamental physical principles) are used for each
nozzle and bucket section of the three turbine stages 16, as
well as for the exhaust diffuser 18. The variables included in
cach equation relate to input and output pressure, tempera-
ture and velocity. In addition, the velocity variables will
further include both a z-axis component and a 0-axis com-
ponent.
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In the nozzle section of each of the turbine stages, the
model used 1n the estimator applies mass balance equations,
energy balance equations and 1sentropic relation equations.
Moreover, these equations are applied to individual divi-
sions or “0-sections” of the nozzle section, along the 0-axis.
In this embodiment, the nozzle section “N” of a given stage
1s partitioned into 24 equal O-sections; thus each O-section
covers 15 degrees of the polar 0-axis. The term “y” 1s used

hereinafter to designate a given one of the 24 0-sections.
FIG. 2 1s a schematic diagram that models the flow pattern
of the gas as 1t travels through a nozzle section “N” and then
a bucket section “B” of any of the turbine stages 16. The
parameters V., V. and V, ., .., represent the mput veloc-
ity the nozzle velocity and the bucket velocity of the gas
from the stator frame of reference, respectively, while the
parameters V', V' and V', .. represent the input
velocity the nozzle velocity and the bucket velocity of the
gas from the rotor frame of reference, with respect to the
rotor rotating at a mean tangential speed U that 1s fixed. As
1s shown, the gas imitially enters the nozzle at an initial
angle, o, of 0 with respect to the z-axis. However, as the gas
1s directed through the nozzle, there 1s an angular component
imparted to the velocity due the physical configuration of the
nozzle. Thus, the gas emerges from the nozzle at an angle o,
and a velocity of V, . with respect to the stator frame of

reference, wherein o, 1s function of the design parameters of
the nozzle.

Then, as the gas exits the nozzle and enters the bucket of
a particular stage, 1t 1s redirected by the physical configu-
ration of the bucket by an angle {3, with respect to the z-axis
in the rotor’s frame of reference, as shown by the velocity
vector V', . e 10 FIG. 2. As 1s the case with the nozzle
angle o.,, 35 18 a function of the design parameters of the

bucket.

Accordingly, for the turbine nozzles, the nozzle model
equations (for j** 6-section) are given as follows:

For an unchoked flow nozzle (stages 2 and 3):

Mass Balance: ViiAi = VinozAnoz
RT;; RT; 107
V2. V2
:|IE ,1’1-‘1?_'
Energy Balance: T;: + f =T p0; + SC

. . l—yy _ pl=y v
[sentropic Relation: P;;"T:; = P01} yo;

where y 1s the specific heat ratio, ¢, 1s heat capacity at
constant pressure, A. 1s the cross-sectional area of the nozzle
inlet, A, __1s the cross-sectional area of the nozzle outlet, and
R 1s a constant.

For a choked flow nozzle (stage 1):

. A?’lﬂf_’
[nlet Flow Velocity: V;; = B( Y ]\/?’RTj,i

0.5(y+1)
v—1

Cp

_ 2
w1thB_()m] and y =

QCPTJ'J' + V-zl-
> ] Vj,nﬂz — \/?RTj,nﬂz 3

CP—R

Outlet 7, V, P. T; =
1oz 2cp, + ¥R

-
Tj,nﬂz ] y-1

TJ’,I

Pj,nﬂz — Pj,i[

The calculated outlet parameters, T, P, V_, V°, from the
nozzle stage then become inputs to the bucket section.

Referring now to FIG. 3, there 1s shown another sche-
matic diagram that particularly models the flow pattern of
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the gas as 1t travels through a bucket section. For the bucket
sections, the model used in the estimator 28 applies mass
balance equations, momentum balance equations (for both z
and O directions), and energy balance equations. In addition
to partitioning the bucket sections into 0-sections along the
0-axis, the estimator 28 also partitions the bucket sections
into 6 z-sections along the z-axis. The term “k” 1s used
hereinafter to designate a given one of the 6 z-sections.
Accordingly, for the turbine buckets, the bucket model
equations (for any k™ z-section and j”* O-section) are as
follows:

Mass Balance:

d (PixVr Pik-1 P
.«:ﬁr( RTJ,R ] {[RT',kl] Sk—=1lz -1,z (RT-R] Jkzi ez

Momentum Balance, z-direction:

d PJRFRVT J;{z Jk 1 Pik .2
ﬂﬁf[ f( IEA‘{{ lz_(RT ]V RE_'A‘{(E
-1k
V’ V; Apg—
{ RTJ lk —1.k.8Y -1k, z % 5

A
[RTJ;{] ik ik kﬂ}
{Pjs-

I 1Ak l,z — kAk z} [v'T]Z

Angular Momentum Balance, 0-direction:

d({PiwriVrViie Pi_1i X P X
’ — | = Vi Ay g — Vi A +
cﬂr( RT;; ] [ ]”‘ Sk ek [RT_,,k ]"‘* 8000

Jkl
{ F‘k 1 Vik-1:Vin-1,0Ak0 —

)
{

Pi1xArs— kadtm}a*‘k [V -7lr = Tjke

where

is the mean (hub & tip) radius of the buckets in the k™
z-section, and o 1s the rotational speed of the rotors in
radians/s, which 1s generally fixed by the power grid fre-
quency (e.g., 50 or 60 Hz).

Energy Balance:

d{ P« VTEE;{
dt RTJ',R

P Pis
L
Vo 1A 1 Ep i — V., A, E + A
{( RTj,k—l ] Gk—1,z0 jhk—1,78P 1 k—1 [RTJ;{ ] IE LY & ij} k.9

Pi 14 P
RTj 14 Virtkebp jie = RTjk VideEpju (= V- [T-V]I=Wsjy
1 2
where Ep ;i = Cp(Tix — Tp) + E(V + Viie)
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-continued
P V P E_Ak ; U[Vj}nﬂﬁ,{f’g — (U + Vj,nz,ztan(ﬁ?r))]
and Ws;; =
7 RTJ?k %

The outlet parameters, T, P, V, and V_ from the last
z-section of the bucket of each stage become the 1nputs to
the following stage (2 or 3) nozzles, or the exhaust diffuser
18 1n the case of last turbine stage (3).

Referring now to FIG. 4, there 1s shown another sche-
matic diagram that particularly models the flow pattern of
the gas as 1t travels through the exhaust diffuser 18. For this
component, the estimator 28 1s based upon a model that
applies mass balance equations, enerey balance equations,
and momentum balance equations, including angular
momentum balance 1n the 0-direction for each z-section and
total momentum balance 1n the z-direction for each z-section
summed over all O-sections. For modeling purposes, uni-
form pressure across all O-sections 1s assumed. The exhaust
diffuser 18 1s partitioned into 48 O-sections, and further into
8 z-sections. Accordmgly, for the exhaust d1 user section of
the turbine, the diffuser model equations (for the k”
z-section & j” O-section) are given as follows:

Mass Balance:

d (FixVr P k-1 ] (ij ]
’ — : V — A _ — ’ V A +
.«:ﬂr( RTJ,R ] {[RT'kl Sk—1,z0%—1,z RTM Gk

Total Momentum Balance z-direction (for all j 0-sections):

— | = V: A Ve, Ao+
i R | [Rrj,k] ot At = [mj,k] R

(Py_1Ap_1; — P A +
[ L ]V v A [ i ]V V.. A
- . B | | .
RTJ—I,R —LEEY =1k, z M B RTj,k J BV j kA

1

E(Pk—l + Pk)(Ak,z — Ak—l,z)

Where P, =P, for all
Angular Momentum Balance 0-direction:

tff(PMVTVj,k,a]_ ( P, ]r V24 _( Py
di\" RT; TRy ) TR A RT

]Fk Vzk QA;{ g}
1.k
( P
RT ;i1

Py
Energy Balance:

]F‘k 1 Vik—1.:Vik—1080-17 — (RT ]Fkvj,k,svj,k,ﬁ?/q'k,z}

ok

7 PkVTEEk _ ( P,_, ]V \ .
ﬁﬂf RTj,k — RTj?k_l b=z k—1,78P, 1. k—1
Py
RTj,k VjskaAR,EEP,j,k +
A{(Pk ]v E (Pk]VE}
k6 Lk Ep -1k — 1 2Ep s
RTj—l,k / ‘ ’ RTj,k 52 Y

1

where Ep ;i = Cp(Tjx —Tp) + E(V + Vzk 8)

FIG. § 1s a table summarizing the simulation results of the
developed steady-state physics-based model described
above using actual design parameters for a General Electric
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6FA turbine. The simulation results were compared to mea-
sured values obtained from the 6FA turbine during a slow
unload operation from base-load (69.7 MW) to part-load (45
MW). The measured data during the slow unload was
compared against the model’s predictions 1n order to vali-
date the model. In particular, column 52 shows the mean
firing temperature TTRF for all combustion cans, while
column 54 shows and the corresponding mean exhaust
temperature TTXM and column 56 shows the swirl as the
turbine operation was varied from 69.7 MW to 45 MW. The
mean firing temperature was used to generate a uniform
temperature profile with peak temperatures for the 6 cans
and trough temperatures at the neighboring can interfaces as
shown in columns 57 (Tinp@peak) and 58 (Tinp@trough),
respectively.

The peak and trough temperatures were used, along with
other measured 1nputs such as compressor discharge pres-
sure CPDa (atm) and compressor discharge pressure CTD
(F), to simulate the model at each of the load conditions and
obtain the predictions for mean exhaust temperature TTXM
in column 60 and swirl in column 62. Comparisons of the
measured and predicted TTXM (columns 54 and 60) and
swirl (columns 56 and 62) at each of the load conditions
show that the predicted model data tracks well with the
actual measured data. For example, the model prediction for
mean exhaust temperature (T'TXM) is within 6 degrees of
the measured values. Thus, the model 1s validated with
actual measurements on a 6FA turbine and can be used 1n the
model-based estimation to calculate the unknown combustor
can temperatures from the measured exhaust temperature
proiile 1n either the snapshot or the slow unload mode.

Whenever one (or more) of the combustion cans is
operating above or below a desired temperature, 1t 1s desired
to be able to readily i1dentily the can or cans. Accordingly,
the results of another simulation, at base load, are shown 1n
FIGS. 6(a) and 6(b), wherein one of the cans (located at
0=180°) is running about 55° hotter then the other five. From
the measured turbine exhaust data (taken from the 21
thermocouples) shown in the graph of FIG. 6(a), the esti-
mator predicts the turbine inlet temperature profile, shown in
FIG. 6(b). The estimated turbine inlet temperature profile
from the cans shown in FIG. 6(b) correlates well with the
actual inlet temperature profile, and the model also correctly
identifies that the can at 180° 1s the one running hot. It will
also be noted that the temperature of exhaust gas, as a result
of the hot can, 1s manifested at the turbine exhaust at about
the 240° position due to the swirl.

The model for the “one hot can” simulation also holds for
a part load condition, as illustrated in FIGS. 7(a) and 7(b).
In FIG. 7(a), the exhaust temperature profile reveals a hot
temperature at about the 265° degree mark, again reflecting
a greater swirl at a decreased load. Again in FIG. 7(b), the
estimated inlet temperature profile shown in red tracks the
actual profile shown m blue, and identifies the hot can at
180°.

FIGS. 8(a) and 8(b) show the actual measured exhaust
temperature profile in a General Electric 6FA machine using
21 thermocouples at base load, and the calculated turbine
inlet temperature profile from the six combustor cans using
the snapshot estimation mode. According to this estimated
turbine inlet profile shown in FIG. 8 (b), one of the com-
bustor cans (C1) is operating hotter than the mean inlet
temperature, while two other cans (C6, C2) are operating
cooler than the mean 1nlet temperature. The remaining cans
(C3, C4 and C5) are operating in normal acceptable range of
the mean 1nlet temperature. However, since the snapshot
estimation mode uses fixed measurements by the 21 exhaust
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thermocouples at fixed load, the exhaust temperature profile
used 1n the model-based estimation can be corrupted by any
thermocouple measurement biases. In this particular
example, one of the thermocouples had a large positive bias,
as shown in FIG. 8(a), and resulted in a high trough
temperature. Consequently, this affected the accuracy of the
estimated inlet temperature profile in FIG. 8(b). The high
susceptibility of the estimation result to thermocouple mea-
surement biases can be alleviated by using the normalized
exhaust temperature 1n the slow unload estimation mode.

FIG. 9 illustrates a comparison of a normalized exhaust
temperature proifile obtained from a sequence of exhaust
temperature measurements during a slow unload, with the
snapshot measured at fixed base load. In particular, the
snapshot curve shows the profile obtained by the snapshot
measurement at base load, which 1s the same as shown 1n
FIG. 8(a). As the load 1s varied from base load to part load,
the swirl increases, and thus the temperature profile rotates
with respect to the exhaust thermocouple locations.
Effectively, the same fixed thermocouples provide measure-
ments of the exhaust profile at different O locations. In
particular, for a large enough variation 1n load and thus swirl,
the same hot and cold spots are measured by two or more
neighboring thermocouples, thereby providing a measure of
relative bias between the thermocouples.

The normalization block 24 1n FIG. 1 uses the sequence
of exhaust temperature measurements over the slowly vary-
ing load range to correct for (1) mean temperature shift, and
(2) swirl variation with respect to a desired reference load
condition (e.g., a base load condition in this case). Moreover,
with respect to swirl variation, there 1s a correction for both
bulk swirl (mean swirl) and for local swirl. The normalized
temperature data 1s then filtered to use overlapping tempera-
ture measurements from neighboring thermocouples to
obtain a normalized and filtered exhaust temperature profile
shown 1n FIG. 9. As can be seen, the normalized exhaust
temperature proiile 1s more detailed than the profile from the
snapshot measurement with the 21 thermocouples. In
addition, the filtering alleviates the problem with
thermocouple-to-thermocouple measurement bias and, 1n
this case, captures the trough at roughly 150 degrees more
accurately than with a single snapshot measurement suscep-
tible to measurement bias errors.

Finally, FIGS. 10(a) and 10(b) illustrate the results of
using normalized data 1n conjunction with the model-based
estimator. In particular, the graph of FIG. 10(a) represents
the normalized exhaust temperature (as compared with the
snapshot/fixed load data of FIG. 8(a)), and the graph of FIG.
10(b) represents the estimated turbine inlet temperature
proiile based on the normalized exhaust temperature data. It
will now be noted that combustor cans C2 and C6 are no
longer 1dentified as operating cooler than the mean
temperature, although C1 is still i1dentified as operating
hotter than the mean temperature.

The estimation using the normalized exhaust data 1n slow
unload mode 1s thus more accurate and less susceptible to
individual exhaust thermocouple bias errors and, as such, 1s
a preferred mode of estimation. On the other hand, since this
mode implements a slow controlled load variation (which
may not always be practical to perform), the snapshot mode
could be used, bearing 1n mind the possibility of unknown
thermocouple biases. It 1s possible that over time, as mul-
tiple slow unloads are performed, one can obtain historical
data on the biases for each thermocouple by comparing the
snapshot and normalized exhaust temperature profiles and
then use this historical bias data to correct the snapshot
measurement and improve the performance of the snapshot
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estimation mode. Moreover, even though normalization
from a controlled slow-unload 1s the preferred method of
estimation, the normalization may also be accomplished
through data from regularly varying, day-today load
variations, assuming those variations are sufficiently large.

Through the use of the above described temperature
estimation method and system, a more accurate estimation
of the turbine inlet temperatures (i.e., the individual com-

bustor can firing temperatures) by position may be obtained.
In turn, detected variances i1n individual combustor can

temperature may result 1 quicker diagnostic capability,
improved emissions estimation, T-fire optimization, and

may eventually lead to control of individual fuel supply to
the combustor cans themselves to correct for estimated

can-to-can variations and maintain a uniform firing tempera-
ture across all cans.

As will also be appreciated, the disclosed invention can be
embodied 1n the form of computer or controller imple-
mented processes and apparatuses for practicing those pro-
cesses. The present mnvention can also be embodied in the
form of computer program code containing instructions
embodied 1n tangible media, such as floppy diskettes,
CD-ROMs, hard drives, or any other computer-readable
storage medium, wherein, when the computer program code
1s loaded 1nto and executed by a computer or controller, the
computer becomes an apparatus for practicing the invention.
The present 1nvention may also be embodied 1n the form of
computer program code or signal, for example, whether
stored 1n a storage medium, loaded into and/or executed by
a computer or controller, or transmitted over some trans-
mission medium, such as over electrical wiring or cabling,
through fiber optics, or via electromagnetic radiation,
wherein, when the computer program code 1s loaded 1nto
and executed by a computer, the computer becomes an
apparatus for practicing the mmvention. When implemented
on a general-purpose microprocessor, the computer program
code segments configure the microprocessor to create spe-
cific logic circuits.

While the invention has been described with reference to
a preferred embodiment, 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereof without
departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the mnvention without departing
from the essential scope thereof. Therefore, 1t 1s 1ntended
that the invention not be limited to the particular embodi-
ment disclosed as the best mode contemplated for carrying
out this invention, but that the imvention will include all
embodiments falling within the scope of the appended
claims.

What 1s claimed 1s:

1. A method for estimating a temperature profile for
individual combustion cans at an inlet of a gas turbine, the
method comprising:

determining an exhaust temperature profile of exhaust gas
of the gas turbine; and

inputting said exhaust temperature profile into a model-
based estimator of turbine components through which
turbine gas flows;

wheremn said model-based estimator calculates an esti-
mated inlet temperature profile at the gas turbine inlet,
based upon said exhaust temperature profile and design
parameters of the gas turbine, said estimate inlet tem-
perature profile being indicative of the actual firing
temperature of each of the individual combustion cans.

2. The method of claim 1, wherein said determining an
exhaust temperature profile comprises obtaining exhaust
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temperature data from a plurality of temperature thermo-
couples circumierentially disposed about a longitudinal axis
of the turbine.

3. The method of claim 1, wherein said model-based
estimator applies a set of equations for each stage of the
turbine, said set of equations relating input temperature,
pressure, longitudinal velocity and tangential velocity of the
turbine gas to output temperature, pressure, longitudinal
velocity and tangential velocity of the turbine gas.

4. The method of claim 3, wherein:

cach stage of the turbine includes a nozzle section and a
bucket section;

the turbine further includes an exhaust diffuser 1n which
said thermocouples are located;

for each of said nozzle sections, said set of equations
include a mass balance equation, an energy balance
equation and an isentropic relation equation;

for each of said bucket sections, said set of equations
include a mass balance equation, a momentum balance
equation, and an energy balance equation; and

for said exhaust diffuser, said set of equations includes a
mass balance equation a momentum balance equation,
and an energy balance equation.

5. The method of claim 4, wherein said momentum
balance equations for said bucket sections and said exhaust
diffuser include angular momentum balance and longitudi-
nal momentum balance.

6. A method for estimating a temperature profile for
individual combustion cans at an inlet of a gas turbine, the
method comprising:

obtaining exhaust temperature data from exhaust of the
gas turbine;

normalizing said exhaust temperature data to a reference
load condition to obtain a normalized exhaust tempera-
ture profile;

inputting said normalized exhaust temperature proiile into
a model-based estimator of turbine components
through which turbine gas flows;

wherein said model-based estimator calculates an esti-
mated 1nlet temperature profile at the gas turbine 1nlet,
based upon said normalized exhaust temperature pro-
file and design parameters of the gas turbine, said
estimate inlet temperature profile being indicative of
the actual firing temperature of each of the individual
combustion cans.

7. The method of claim 6, wherein said normalizing said
exhaust temperature data further comprises obtaining
exhaust temperature data under varying load conditions.

8. The method of claim 7, wherein said normalizing said
exhaust temperature data further comprises obtaining
exhaust temperature snapshots from a base load and further
obtaining exhaust temperature snapshots from progressively
smaller loads down to a part load, wherein data from said
exhaust temperature snapshots are corrected for mean tem-
perature shift and swirl variation.

9. The method of claim 6, wherein said determining an
exhaust temperature profile comprises obtaining exhaust
temperature data from a plurality of temperature thermo-
couples circumferentially disposed about a longitudinal axis
of the turbine.

10. The method of claim 6, wherein said model-based
estimator applies a set of equations for each stage of the
turbine, said set of equations relating input temperature,
pressure, longitudinal velocity and tangential velocity of the
turbine gas to output temperature, pressure, longitudinal
velocity and tangential velocity of the turbine gas.
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11. The method of claim 10, wherein:

cach stage of the turbine includes a nozzle section and a
bucket section;

the turbine further includes an exhaust diffuser 1n which
said thermocouples are located;

for each of said nozzle sections, said set of equations
include a mass balance equation, an energy balance
equation and an isentropic relation equation;

for each of said bucket sections, said set of equations
include a mass balance equation, a momentum balance
equation, and an energy balance equation; and

for said exhaust diffuser, said set of equations includes a
mass balance equation a momentum balance equation,
and an energy balance equation.

12. The method of claim 11, wherein said momentum
balance equations for said bucket sections and said exhaust
diffuser mnclude angular momentum balance and longitudi-
nal momentum balance.

13. A system for estimating a temperature profile for
individual combustion cans disposed at an inlet of a gas
turbine, comprising:

a plurality of exhaust temperature sensing devices dis-
posed proximate exhaust gas of the gas turbine;

a normalization mechanism for receiving exhaust tem-
perature data from said plurality of exhaust temperature
sensing devices, said normalization mechanism pro-
ducing a normalized exhaust temperature proiile with
respect to a reference load condition;

a model-based estimator of turbine components through
which turbine gas flows, said model-based estimator
receiving said normalized exhaust temperature profile;

wherein said model-based estimator calculates an esti-
mated 1nlet temperature profile at the gas turbine inlet,
based upon said normalized exhaust temperature pro-
file and design parameters of the gas turbine, said
estimate inlet temperature profile being indicative of
the actual firing temperature of each of the individual
combustion cans.

14. The system of claim 13, wherein said normalization
mechanism obtains exhaust temperature data under varying
load conditions.

15. The system of claim 14, wherein said normalization
mechanism said receives exhaust temperature snapshots
from a base load and further receives exhaust temperature
snapshots from progressively smaller loads down to a part
load, wherein data from said exhaust temperature snapshots
are corrected for mean temperature shift and swirl variation.

16. The system of claim 13, wherein plurality of exhaust
temperature sensing devices further comprises a plurality of

10

15

20

25

30

35

40

45

14

temperature thermocouples circumierentially disposed
about a longitudinal axis of the turbine.

17. The system of claim 13, wheremn said model-based
estimator applies a set of equations for each stage of the
turbine, said set of equations relating iput temperature,
pressure, longitudinal velocity and tangential velocity of the
turbine gas to output temperature, pressure, longitudinal
velocity and tangential velocity of the turbine gas.

18. The system of claim 17, wherein:

cach stage of the turbine includes a nozzle section and a
bucket section;

the turbine further includes an exhaust diffuser in which
said thermocouples are located;

for each of said nozzle sections, said set of equations
include a mass balance equation, an energy balance
equation and an isentropic relation equation;

for each of said bucket sections, said set of equations
include a mass balance equation, a momentum balance
equation, and an energy balance equation; and

for said exhaust diffuser, said set of equations includes a
mass balance equation a momentum balance equation,
and an energy balance equation.

19. The system of claam 18, wherein said momentum
balance equations for said bucket sections and said exhaust
diffuser include angular momentum balance and longitudi-
nal momentum balance.

20. A storage medium, comprising;:

a machine readable computer program code for estimating
a temperature profile for individual combustion cans at
an 1nlet of a gas turbine; and

instructions for causing a computer to implement a

method, the method further comprising:

obtaining exhaust temperature data from exhaust of the
gas turbine;

normalizing said exhaust temperature data to a refer-
ence load condition to obtain a normalized exhaust
temperature profile;

inputting said normalized exhaust temperature profile
into a model-based estimator of turbine components
through which turbine gas flows;

wherein said model-based estimator calculates an esti-
mated inlet temperature profile at the gas turbine
inlet, based upon said normalized exhaust tempera-
ture profile and design parameters of the gas turbine,
said estimate inlet temperature profile being 1ndica-
tive of the actual firing temperature of each of the
individual combustion cans.
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